During Drosophila embryogenesis, the ventral epidermis dorsally expands and the left and right epithelial sheets meet and fuse along the dorsal midline. For this dorsal closure to occur, two PDZ domain proteins, Cno and ZO-1, are required. The dorsal.epidermis remains open when the expression of ZO-I and Cno are reduced simultaneously by hypomorphic mutations in the relevant loci. ZO-1 and Cno colocalize at adherens junctions in embryonic epithelia, and form a protein complex upon binding to each other. Genetic analysis showed that Cno is involved in the Jun N-terminal kinase (JNK) pathway for dorsal closure, as a modulator acting upstream of, or in parallel with, the small GTPase Dracl. The ZO-1-Cno complex may be involved in dynamic changes in cytoskeletal organization and cell adhesion during morphogenetic events associated with dorsal closure in the Drosophila embryo.
Introduction
Embryogenesis in Drosophila is a sequence of discrete steps, each of which is characterized by distinct cellular activities. Gastrulation is the first morphogenetic event observed after the completion of synchronous nuclear division and cellularization along the surface of the embryo. During gastrulation, the bulk of the cells invaginate to form the germ band, leaving some cells in the mid-dorsal portion, which contribute to amnioserosa. The germ band then extends as the embryonic cells proliferate by asynchronous cell division. Parasegments become evident and ectodermal invagination commences during germ-band elongation. Except for neuroblasts, cell division ceases by the end of this stage. Thereafter, the germ band retracts, accompanied by dynamic cellular movements and migration associated with organogenesis. Just after completion of the germ-band retraction, the lateral epidermis elongates, and extends dorsally until the left and right counterparts meet and fuse at the midline (Campos-Ortega and Hartenstein, 1985; Martinez Ariasl 1993) .
This morphogenetic movement, known as dorsal closure, has been the focus of intensive studies during the past five years or so, providing an excellent system for elucidation of the molecular mechanisms underlying coordinated movements of epithelial cell layers (Ring and Martinez Arias, 1993; Young et al., 1993; Fehon et al., 1994) . In mutants in which dorsal closure is affected, the ectoderm does not migrate to cover the dorsal region and the resulting embryos die with a characteristic 'dorsal open' phenotype. Based on molecular data, the genes for dorsal closure can be categorized into two main classes: (1) cytoskeletal and extracellular matrix components (MacKrell et al., 1988; Wilcox et al., 1989; Young et al., 1993; Fehon et al., 1994; Borchiellini et al., 1996) and (2) signaling components of the Jun N-terminal kinase (JNK) and Decapentaplegic (Dpp) pathways (Affolter et al., 1994; Arora et al., 1995; Glise et al., 1995; Grieder et al., 1995; Riesgo-Escovar et al., 1996; Sluss et al., 1996) .
The current view of the mechanism of dorsal closure is that the leading edge cells exert an instructive role on lateral 0925-4773/98t5 -see front matter © 1998 Elsevier Science Ireland Ltd. All rights reserved PII S0925-4773(98) cells to induce their elongation, while the leading edge cells stimulate their dorsal progression by themselves (Glise and Noselli, 1997) . Such instructive roles of the leading edge cells appear to be mediated by a secreted signal, Decapentaplegic (Dpp), a mammalian TGF-~ homolog, since dpp is expressed selectively in these cells and loss of dpp expression results in embryos in which the dorsal midline remains open (Glise and Noselli, 1997; Hou et al., 1997; RiesgoEscovar and Hafen, 1997a) . dpp expression in leading edge cells is eliminated by mutations in the hemipterous (hep) and kayak (kay) loci, which encode the Jun N-terminal kinase kinase (JNKK) and D-Fos, respectively (Glise and Noselli, 1997; Riesgo-Escovar and Hafen, 1997b; Zeitlinger et al., 1997) . This observation suggests that dpp expression in the leading edge cells is regulated by the JNK cascade. In fact, mutations that inactivate JNK (basket, bsk) together with hep and kay lead to the dorsal open phenotype (Riesgo-Escovar et al., 1996; Sluss et al., 1996) . Another -important element of this pathway is the small GTPase Dracl, which indirectly activates JNK-induced expression of dpp and other target genes, such as puckered (puc), in the cascade (Glise and N0selli, 1997) . The Dpp pathway is represented by the genes coding for Dpp receptors, thick /, veins and punt, as well as downstream components such as schnurrt. Mutations in these genes also show the dorsal open phenotype (Brummel et al., 1994; Nellen et al., 1994; Penton et al., 1994; Grieder et al., 1995; Letsou et al., 1995; Ruberte et al., 1995) .
Although involvement of the JNK pathway in dorsal closure is well documented, the ligand-receptor complex that activates the pathway and the signal transduction cascade that links the activated receptors to the JNK pathway remain undetermined. The genes disrupted in mutants that display the dorsal open phenotype are the obvious candidates for such elements. The canoe (cno) locus is defined by the mutams which prevent dorsal closure (Jttrgens et al., 1984) , and encodes a cytoplasmic protein with a PDZ domain (Miyamoto et al., 1995) . The PDZ domain is shared by many proteins that function to assemble subunits of a membrane receptor or an ion channel and link them to proteins for intracellular signal transduction (Brakeman et al., 1997; Dong et al., 1997; Tsunoda et al., 1997) . Here'we present evidence that the Cno protein is a critical component for dorsal closure and functions upstream of, or in parallel with, Dracl in the JNK pathway. We further demonstrate that another PDZ protein, ZO-1, regulates the Cno function by direct protein-to-protein interactions.
Results

Genetic evidence that cno is a component of the JNK pathway
cno 3 is an embryonic lethal allele of cno and displays the typical dorsal open phenotype (Jtirgens et al., 1984) . cno misl is a weak hypomorph which yields adult flies with rough eyes and subtle changes in the bristle number (Miyamoto et al., 1995; Matsuo et al., 1997) . Embryos homozygous for cno mis~ develop normally. The cno embryonic phenotype resembles that of hep, and bsk, suggesting that cno is required for dorsal closure in the same developmental pathway, i.e. the JNK pathway. To study the epistasis of cno and the known elements of the JNK pathway, we examined possible phenotypic interactions of relevant mutations in the embryo.
The embryos with the heteroallelic mutation, cnomiSl]cno 3 (Fig. 1B) , display no apparent defects in dorsal closure (cf. Fig. 1A for the wild-type). In the complete absence of cno wild-type function, the embryos exhibit a dorsal open phenotype (Fig. 1C) . The embryonic phenotype of cno3/cno mi'l, a partial loss-of-function cno mutation, is strongly enhanced by a reduction in the wild-type gene dosage of hep (Fig. 1E) or bsk (Fig. 1F) . By contrast, overexpression of the wildtype bsk + (DJNK wr) clearly alleviated the dorsal open phenotype of cno mutants (Fig. 1D ). These results suggest that Cno is a component of the JNK pathway involved in dorsal closure.
Another component of the JNK pathway tested for genetic interaction with cno was puc, of which transcription is regulated positively by the JNK pathway. The puc gene encodes a protein related to the vertebrate dual-specificity MAPK phosphatases of the CL100 family (Martin Blanco et al., 1998) . Mutations in the puc gene affect the final step of dorsal closure, i.e. the suture of the two lateral leading edges at the dorsal midline (Ring and Martinez Arias, 1993) . Since puc E69 is a LacZ enhancer-trap line preferentially expressing /3-gatactosidase (/3-gal) in the leading edge cells (Ring and Martinez Arias, 1993; Glise et al., 1995; Glise and Noselli, 1997) , we used it as a reporter monitoring the level of activity of the JNK pathway. In cnJ, puc e69 double heterozygotes, dorsal closure proceeds normally, accompanied by a high level of puc-lacZ expression ( Fig. 2A,D) . In contrast, coordinated movement of the leading edge cells is interfered with in the cno 3 homozygotes, with a concomitant decrease in puc-lacZ expression (Fig. 2B,E) . These results indicate that Cno positively regulates puc transcription, which is known to be under the control of the JNK pathway.
There is compelling evidence that the small GTPase, Dracl, is an upstream element of the JNK pathway composed of hep, bsk, and puc, in dorsal closure (Hou et al., 1997; Glise and Noselli, 1997) . To determine if cno is further upstream of Dracl, we examined puc-lacZ exPression in cno 3 homozygous embryos, the leading edge of which is driven to express Dracl v12, a constitutively active form of Dract, by utilizing the LE-GAIA strain (see Section 4).
If DracI is downstream of cno, Dracl vt2 expression would allow the leading edge to recover puc-lacZ transcription. If Dracl is upstream of cno, then the effect of Dracl vJ2 on puc-lacZ transcription should be blocked bythe loss of cno function. As illustrated in Fig. 2F , puc-lacZ transcrip- tion in cno 3 homozygotes resumed to a level comparable to that of wild-type by targeted:expression of Dracl vl2 in the leading edge cells (Fig. 2C ). This result is compatible with the hypothesis that cno is upstream of Dracl, or that cno functions in a pathway parallel with that of Dracl.
Expression of dpp in the leading edge cells is regulated by cno
The major output of the JNK pathway in dorsal closure is Dpp. Dpp is thus considered to be the most downstream component of the pathway, involved in the induction of cell shape changes in lateral ectodermal cells ventral to the leading edge. Because mutations in some of the members of the JNK pathway have been known to eliminate dpp expression in the leading edge cells, we investigated whether the dpp expression is affected in cno mutant embryos. The dpp expression, as examined using a wholemount in situ hybridization, was decreased by cno 3, in the leading edge cells (Fig. 3C,D) . The rest of the dpp expression pattern was not affected and, therefore, served as an internal control. The reduced level of Dpp in the leading edge may be responsible for the failure of dorsal closure in the c n J embryos, (F) , as revealed by anti-/3-gal antibody staining, puc-lacZ expression is restricted to the leading edge cells. In the cno 3, puce69/cno3,+ embryos, puc-lacZ expression is dramatically reduced as compared to that in the cno 3, puce69/+ embryos, The arrows point to the leading edge cells. All panels are dorsal views and anterior to the left. Scale bar = 100 tzm.
+ (B,E), LE-GAL4/+; UAS -Dracl v12, pucE69/+ (C) and LE-GAL4/+; UAS-Dracl v12, cno3/cno 3, pucg 69
A C B Fig. 3 . dpp expression in the leading edge cells is reguiated by cno. Whole-mount in situ hybridization to the embryos of the Canton-S wild-type (A), cno '~isj (B) and cno 3 (C,D). In the wild-type, dpp is expressed in several distinct tissues in the head and trunk regions. In the trunk ectoderm, dpp expression appears as two anterior-posterior stripes, one dorsal, corresponding to the leading edge of the presumptive dorsal ectoderm, and one more ventral. In cno 3 embryos, dpp expression in the leading edge cells looks 'dotted' (C). During germ-band retraction, dpp is no longer detectable (D). The reduction of dpp expression is specific to the leading edge cells, since other dpp-expressing cells remain unaffected. The arro'~s point to the leading edge cells. Scale bar = 100 #m.
The junctionaIprotein, ZO-1, is required for dorsal closure
In the search for mutations that interact with cno mi~l, a viable hypomorph, we identified polychaetoid (pyd) (Chen et al., 1996; Takahisa et al., 1996) to be an enhancer of the cno phenotypes, pyd tam1 is a hypomorphic mutation in the locus encoding ZO-1, a PDZ domain protein, and yields adult flies with supernumerary bristles and roughened eye structure (Chen et al., 1996; Takahisa et al., 1996) . We found that the flies doubly homozygous for p y d a'nl and cno "is1, die in the embryo, representing a synthetic lethal combination. Examination of embryonic cuticles demonstrated that the cno mi'l, pyd tam1 double mutant remains open dorsally (Fig. 4C ).
We also tested for possible genetic interactions of pyd with hep ( Fig. 5) . h e p I is a partial loss-of-function mutation in the gene encoding JNKK (Glise et al., 1995) . The adult flies homozygous for hep 1 exhibit slight widening of the dorsal thorax (Fig. 5C ), The dorsal thoracic cuticle of hep 1 homozygotes is severely disrupted in the pyd tam1 homozygous background (Fig. 5D ). These data indicate that ZO-1 is also involved in the regulation of JNK signaling.
cno and pyd regulate the organization of the leading edge
Cell shape elongation 'along the dorsal-ventral axis is driven by the leading edge in the dorsalmost cells during germ-band retraction. Apical accumulation of actin and myosin in the leading edge cells initiates the final steps of dorsal closure (Young et al, 1993 ). We stained cno or pyd mutant embryos with an antibody against a-Spectrin, an actin-binding protein (Fig. 6) . The anti-a-Spectrin antibody labels the contour profiles of the cells (Harden et al., 1995; Young et al., 1993) . Comparisons of the cell shape between the wild-type and cno 3 embryos revealed that elongation of cells is insufficient in the mutant. This is most ~vident ~in the leading edge cells which appear square in cno 3 in contrast to the wild-type oblong cells. cno misl, pyd tam1 double mutant embryos exhibit a more extreme phenotype: the leading edge cells elongate even less than in cno 3 mutants (Fig. 6F) . These results suggest that cno and pyd are required for coordinated cell shape changes in the cells of the leading edge and the lateral ectodermal cells during dorsal closure.
Expression of the cno, and pyd gene products
To further characterize the roles of cno and pyd genes in dorsal closure, we examined the tissue localization of ZO-1 and Cno in wild-type embryos by staining whole mount embryos with antibodies against ZO-1 and Cno.
In the cellular blastoderm stag e (stage 5), the Cno protein is distributed diffusely in the cytoplasm, with significant accumulation at the apical surface (Fig. 7A) . The cytoplasmic staining decreases before the gastrulation stage (stage 7), when the antibody labels the contour of each cell of the epidermis (Fig. 7B ). In the stage 13 embryo undergoing germ-band retraction, marked accumulation of the Cno protein is observed in the amnioserosa, with persistent expression of Cno in the lateral epidermis (Fig. 7C) . The intense staining of the amnioserosa and the apposed edges of the lateral epidermis continues during dorsal closure (Fig. 7D) . At this stage of embryogenesis, the trachea in each segment begins to elongate laterally (Fig. 7E ) to form the tracheal system across the segments (Fig. 7F ). In addition, the Cno protein is localized in the Malpighian tubes (not illustrated), hindgut ( Fig. 7G ) and the central nervous system (Fig.  7H,I ).
The tissue localization of ZO-1 is remarkably similar to that of Cno. It is present in the cytoplasm in the blastoderm stage embryo (Fig. 8A ). In the later stages, ZO-1 is exclusively localized to cell boundaries. The epidermis (Fig. 8B) , the amnioserosa (Fig. 8C) , the margin of the closing epidermis (Fig. 8D) , the tracheal system (Fig. 8E,F) , the Malpighian tubes (not illustrated), the hindgut (Fig. 8G ) and the CNS (Fig. 8H,I ) express ZO-1 at high levels.
The striking similarity in tissue distribution of Cno and ZO-1 prompted us to determine whether their expressions overlap at the cellular level. A previous analysis of ZO-1 expression in the wing imaginal discs suggests its association with the cell-to-cell junction (Takahisa et al., 1996) . To examine if ZO-1 and Cno colocalize in specific junctional membrane sites, we performed double staining of embryos with a set of antibodies, each of which recognizes ZO-1, Cno, or a marker protein such as Dc~-catenin, Fasciclin III (Fas III), and Armadillo (Arm). In this experiment, we focused our atiention on the ectodermal epithelia in which spatial distribution of distinct junctional structures is well established. It was demonstrated that ZO-1 and Cno colocalize partially, and that ZO-1 expression is more widespread than Cno expression (Fig. 9D) . The domain of Cno expression and that of Fas III expression are mutually exclusive (Fig. 9G) , whereas the distributions of Arm and Dc~-catenin coincide with that of Cno (Fig. 9H,I ). In contrast, ZO-1 is expressed in areas at which Fas III is localized (Fig.  9B ). The ZO-1 expression further extends to the region where Arm is localized (Fig. 9C ). Fas III distribution is known to be restricted to septatt-junctions, and Dc~-catenin and Arm are confined to adherens junctions (Fehon et al., 1994; Baumgartner et al., 1996; Tepass, 1996; Uemura et al., 1996) . We further confirmed that Cno colocalizes with Arm but not with Fas III in the embryonic epidermis (Fig.  9E,J) . Thus our results indicate that ZO-1 is present at both the septate and adherens junctions while Cno predominantly exists at adherens junctions.
D i r e c t interactions o f Cno w i t h Z O -1
ZO-1 and Cno are members of the PDZ domain protein superfamily, some of which are known to bind to each other (Brenman et al., 1996; Gomperts, 1996) . The obseryations that pydtam I and cno misI genetically interact, and that ZO-1 and Cno colocalize in ectodermal epithelia prompted us to examine the possibility of direct binding of ZO-1 and Cno. The direct binding of Cno and ZO-1 was investigated using the yeast two-hybrid system (Fig. 10) . In this assay, portions of ZO-1 and Cno proteins were tested for their ability to interact with each other (Fig. 10A) . The binding of Cno and ZO-1 is mediated by two different domains of the respective proteins. The N-terminal half of Cno selectively binds to the N-terminal end of ZO-1 where PDZl and PDZ2 domains are present (Fig. 10B) . In contrast, the Cterminal half of Cno specifically binds to the ZO-1 C-terminal fragment including the proline-fich region (Fig. 10B) . Further analysis using deletion constructs for ZO-1 revealed that a 162-amino-acid segment at the very end of the proline-rich region is indispensable for the interaction of ZO-1 with the Cno C terminus (K. Takahashi, unpublished observations).
Direct interaction of ZO-1 with Cno was also demonstrated in an in vitro binding assay (Fig. 11) . The GST-ZO-1 fusion proteins expressed in E s c h e r i c h i a coli were immobilized on glutathione-Sepharose 4B beads, to which rabbit reticulocyte lysate containing [35]S-labeled fulllength Cno (Fig. liB) was mixed. Proteins bound to the GST-ZO-1 were analyzed by sodium dodecyl sulfate-poly- acrylamide gel electrophoresis ( S D S -P A G E ) . in agreement with the result of the two-hybrid assay, both the N-terminal (Fig. 11C ) and the C-terminal (Fig. 11D ) segments of ZO-1 specifically bound to Cno.
Discussion
This study unambiguously showed that (1) the mutant ai]ele of the genes encoding ZO-1 and Cno interact synergistically, resulting in a dorsal open phenotype in the embryo, (2) Cno and ZO-1 regulate the JNK pathway upstream of, or parallel with, Dracl, (3) ZO-1 and Cno colocalize at adherens junctions, and (4) ZO-1 binds directly to Cno (summarized in Table 1 ). These results suggest that the association of ZO-1 with Cno plays an important role in dorsal closure by regulating Dpp expression. Dorsal closure occurs in three phases (Ring and Martinez Arias, 1993; Young et al., 1993; Knust, 1996; Noselli, 1998) : (1) elongation of the leading edge along the dorsoventral axis, (2) dorsal displacement of the whole epithelial sheet, and (3) fusion of the leading edges of both sides. For such complicated processes, precisely controlled cytoskeletal rearrangements and dynamic changes in adhesion prop- In this study, we demonstrated that Cno is an essential element in the JNK pathway for dorsal closure; in the absence of Cno, the epidermal cells in the leading edge were unable to activate sufficiently the JNK cascade, thereby diminishing transcription of p u c and dpp significantly.
Furthermore, we found that the reduced p u c transcription in cno 3 embryos was restored to the wild-type level by targeted expression of D r a c v12. This observation indicates that Cno is placed upstream of Dracl, or that Cno and Dracl function in parallel pathways that activate JNK signaling. The existence of parallel pathways is suggested by the fact that p u c -l a c Z expression in the leading edge cells is decreased but not totally eliminated in the cno mutant background (Fig. 2C,F) . Likewise, the cno 3 mutation attenuates but not eliminates dpp expression in the leading edge cells. These observations demonstrate that the JNK pathway can be activated even in the absence of Cno, although the level of activation is too low to complete dorsal closure.
The mechanism whereby the Cno protein upregulates JNK signaling remains to be elucidated. Structurally, Cno belongs to the PDZ domain protein superfamily. Recent studies suggest that P D Z domains are required for targeting of signaling molecules to the plasma membrane. The best charact~-rized proteins in the P D Z superfamily are PSD-95 and its relatives, which are crucial for assembling N M D A glutamate receptor subunits (Kim et al., 1996; Kornau et al., 1995; Wyszynski et al., 1997) (Kim et al., 1995) membranes by a PDZ-PDZ homotypic interaction, nNOS normally colocalizes with PSD-95 in neurons. In mutant mice expressing only an nNOS isoform lacking the PDZ domain, nNOS fails to interact with PSD-95 in the brain. These results suggest that the PDZ domain is necessary for recruiting nNOS to specific protein complexes at the membrane (Brenman et al:, 1996) . By analogy, Cno protein localized to adherens junctions may be important for recruiting signaling molecules to a protein complex at the adherens junctions. In addition to the PDZ domain, Cno has several sequence motifs such as the Ras-binding domain, kinesinlike domain and myosin V-like domain (Miyamoto et al., 1995; Ponting, 1995; Ponting and Benjamin, 1996) . Therefore, it is postulated that Cno plays role in assembling some Table 1 signaling proteins into a functional complex at the adherens junctions, allowing the incoming signal to active the JNK signal transduction pathway. ZO-1 is a component of both the tight junctions and adherens junctions in mammalian cells (Stevenson et al., 1986; Anderson et al., 1988; Itoh et al., 1993) , where it is involved in cadherin-based cell adhesion : It is worth noting that mammalian ZO-1 binds to o~-Spectrin which cross-links with actin filaments, thereby affecting cell shape (Itoh et al., 1993) . On the other hand, a mammalian counterpart of Cno has been known as AF-6, which was initially isolated as a fusion partner of ALL-l, a protein responsible for infantile leukemias (Prasad et al., 1993 -, + and ++ indicate that the level of expression of dpp or puc is decreased, normal, and increased in the indicated mutant, respectively. N.D., not determined. novel C-terminal extension, was discovered as an actin filament-binding protein (Mandai et al., 1997) . Therefore, both ZO-1 and AF-6 are associated with actin. In concert with our finding that Cno binds to ZO-1, direct binding of mammalian AF-6 and ZO-1 was reported recently by Yamamoto et al. (1997) . Taken together, these results suggest the possibility that the Cno-ZO-1 complex is involved in cellshape changes by modulating the actin binding activity of respective proteins. Thus Cno and ZO-1 may play a dual role in dorsal closure, i.e. modulation of JNK-Dpp signaling and regulation of actin cytoskeletons.
or S h a k e r p o t a s s i u m channel subunits
Experimental procedures
Genetics and targeted expression
pygamI and cno misJ are BmA-w P-element insertion mutations, as described by Takahisa et al. (1996) and Miyamoto et al. (1995) , respectively. An EMS-induced cno s allele was obtained from the Ttibingen stock center, pyd c: was obtained from H. Ellis (Chen et al., 1996) . Df(3R)p819/ TM3 was obtained from the Bloomington stock center. puc e69 was kindly provided by A. Martinez Arias (Ring and Mfi2rtinez Arias, 1993) . hep 1 (Glise et al., 1995) and bsl,] (Riesgo-Escovar et al., 1996) were obtained from Y. Nishida. hs-bsk + (DJNK vet) was kindly provided by Y.T. Ip (Sluss et al., 1996) .
The cno misl, pyga,~l double mutant line was produced by chromosome recombination. To examine the puc-lacZ expression in the cno mutant background, the puc-lacZ transgene was recombined into cno 3 chromosomes. We used a third chromosome balancer with the lacZ insertion to distinguish the cno homozygous embryos from the rest by the absence of anti-~-gal antibody staining.
hs~bsk + (DJNKVer)I+; cno3/cnJ embryos collected in 2 h and aged for 5-7 h after.egg laying were subjected to a 60 rain heat shock. Following heat shock, the embryos were aged for another 24 h at 25°C before cuticle preparations. The cuticle phenotypes were compared between the embryos with and without a heat shock.
Targeted expression of UAS-driven transgenes (grand and Perrimon, 1993) was inducedusing an LE-GAL4 line (with leading edge specific expression; kindly provided by B. Glise and Noselli, 1997) . The UAS-\ 2 fines used in this study are: UAS-Dracl vl (kindly provided by L. Luo and Y.N. Jan; Luo et al., 1994) , and UAS-lacZ (Brand and Perrimon, 1993) . puc expression was monitored using the puc-lacZ enhancer-trap linepuc E69 (p[ry + lacZ]E69; Ring and Martinez Arias, 1993) . For targeted expression in a cno mutant background, the following strains were constructed and used: w; LE-GAL4/ cno 3, pucE69/TM3 Sb, w; pucE69/TM3 Sb, and w; cno3/TM6B . To examine the puc-lacZ expression in the cno mutant background, we stained embryos derived from crosses of the selected strains mentioned above with the anti-~3-gal antibody. All flies were raised on standard food at 25°Ci All other alleles and markers were as described (see Lindsley and Zimm, 1992) .
4,2. Antibody production
A cDNA fragment encoding amino acids 1761-1893 of the Cno protein was amplified by PCR and cloned into pGEX-5X1 (Pharmacia), to create a glutathione S-transferase (GST)-Cno fusion protein. The plasmid was introduced into XL-1 blue cells, and aGST-Cno fusion protein was induced with 0.1 mM isopropyl-/3-D-thiogalactopyranoside (IPTG) at 37°C, as described by Smith and Johnson (1988) . Affinity purification of the fusion protein using glutathione Sepharose 4B (Pharmacia) was carried out according to the supplier's protocol and analyzed on a SDS-12.5% polyacrylamide gel. Polyclonal antisera against the fusion protein were raised in rabbits and mice. The rabbit antibody was affinity purified using antigens immobilized on a CNBractivated Sepharose 4B column.
Western blot analysis
Samples were homogenized in lx Laemmli sample buffer containing p-APMSF. After boiling for 5 min, the lysates were centrifuged at 15 000 rpm for 3 min. Protein concentrations of the supematants were determined by the dyebinding method (Bradford, 1976) . Samples containing 100 /xg of protein were electrophoreSed on a SDS-10% polyacrylamide gel and transferred to Immobilon PVDF membrane (Millipore). Immunodetection was conducted using the affinity-purified rabbit antibody (1:1000 dilution), horseradish peroxidase-conjugated goat anti-rabbit IgG (1:2000 dilution) and enhanced chemiluminescence (ECL) Western blotting detection reagents (Amersham).
Histology
For immunostaining, embryos were fixed using the heat methanol method (Tepass, 1996) . Heat fixation preferentially conserves proteins tightly bound to the cytoskeleton. This treatment greatly emphasizes the Arm and c~-Catenin signals associated with adherens junctions, while proteins associated with the remaining cell membrane and proteins located in the cytoplasm are washed out during the subsequent staining procedure. For antibody staining, embryos were dechorionated in bleach and fixed for 3-5 s in Ewash (70 mM NaC1, 0.1% Triton X-100) at 80°C. Embryos were chilled with an excess volume of ice-cold E-wash and incubated on ice for 1-2 rain. After devitellinization in a 1:1 mixture of heptane and methanol, embryos were incubated in methanol for 2 h at room temperature. The rabbit antiCno antibody and the rabbit anti-ZO-1 antibody (Takahisa et al., 1996) were diluted 1:100. The mouse polyclonal antiCno antibody was diluted 1:50. The following antibodies were used according to the methods described in the respective references: anti-ce-Spectrin antibody (Pesacreta et al., 1989) , N2-7A1 (anti-Arm antibody; Peifer, 1993) , 7G10 (anti-Fasciclin III; Patel et al., 1987) , DCAT-1 (anti-Deecatenin antibody; Oda et al., 1993) . A combination of FITC and Texas Red (Amersham) was employed for double labeling, and embryos were viewed under a Molecular Dynamics laser confocal microscope. For/3-galactosidase (/3-gal) antibody stainings, embryos were collected and stained according to standard protocols (Ashburner, 1989) . The mouse monoclonal anti-/3-gal antibody (Promega) was used at 1:500 dilution.
In situ hybridization of whole-mount embryos was performed according to Tautz and Pfeifle (1989) , using a dpp DNA probe encompassing the entire coding region (Padjett et al., 1987) . Photographs were taken under a Zeiss Axiophoto microscope, a11d figures were assembled using Adobe Photoshop 3.0 software.
Cuticle preparations
Embryos were dechorionated in 50% bleach, devitellinized, washed, and mounted in Hoyer's medium. Cuticle preparations were photographed under a Zeiss Axiophoto microscope, under bright and dark fields.
Yeast two-hybrid assay
For the yeast two-hybrid assay, the cno sequence encoding the N-terminal half (Cno-NH: amino acids (aa) 1-950) or the C-terminal half (Cno-CH: aa 800-1893) (Miyamoto et al., 1995) was subcloned into pAS2-1 (Trp marker) (Clontech). The DNA segments encoding partial peptides of Drosophila ZO-1 each of which includes the PDZ1 and PDZ2 domains, the PDZ3 and SH3 domains, the guanylate kinase domain or the proline-rich carboxyterminal region (Takahisa et al., 1996) , were subcloned into pACT2 (Leu marker) (Clontech), resulting in pACT2-T1 (aa 1-284), pACT2-T2 (aa 285-600), pACT2-T3 (aa 601-884) and pACT2-T4 (aa 885-1367). The yeast strain Y187 (Clontech) was cotransformed with 100 ng of pAS2-1 Cno-NH or pAS2,1 Cno-CH and 100 ng of pACT2-T1, pACT2-T2, pACT2-T3 or pACT2-T4. Transformants were selected for growth on a SD-Trp/Leu medium. The colonies were streaked onto new SD-Trp/Len medium. The plates were incubated at 30°C for an additional 3 days and then colonies were assayed for ¢Lgalactosidase activity.
7. In vitro binding assay
In vitro translation of pSP64 polyA-Cno (aa 1-1893; Miyamoto et al., 1995) was performed using the TNT SP6-conpled reticutocyte lysate System (Promega) under the conditions described in the manufacturer's instruction manual. GST or GST-ZO-1 (aa 1098 -1260 Takahisa et al., 1996) fusion protein was immobilized onto 40 #1 (50% v/v) 109 of glutathione Sepharose 4B beads at 4°C for 1 h. After three washes with 1 ml of buffer A (50 mM Tris-HC1 (pH 7.8), 150 mM NaC1, 1% NP-40, 1 mM EDTA, 2 txg/ml leupeptin, and 1 mM pAPMSF) by brief centrifugation, 100 Ix1 of the in vitro-translated products tabeled with [35S]methionine was mixed with the beads and incubated for 5 h at 4°C~vith gentle rotating. The beads were washed five times with 1 ml of buffer A, and the bound proteins were released from the beads with 2 × SDS-PAGE sample buffer. The amount of GST or the GST fusion proteins in each sample was determined by SDS-PAGE. To equalize the amount of GST and the GST fusion proteins, an appropriate amount of each sample was again applied to SDS-PAGE. Gels were stained with a silver staining kit (Wako Pure Chemical) and vacuum-dried. The [35S]-labe]ed bands corresponding to in vitro translated Cno were visual{zed by autoradiography.
